Abstract -In this paper, a high resolution capacitance sensor system was developed for two-phase flow void fraction measurements and flow pattern identification. The circuit uses the LC approach whose oscillation frequency changes as the capacitance sensor value fluctuates. This change in frequency is measured and converted in to a capacitance value. The electrodes' excitation frequency is high enough to overcome the errors involved when conductive fluids are used. A LabView program was designed to interface the circuit and to record the data collected. The capacitance sensor was built with four concave electrodes and was shielded with a copper cage. The system was tested on a vertical air-water two phase flow pipe with 1.5 inch outer diameter and 1.25 inch inner diameter.
Introduction
Two-phase flow is the simultaneous flow of a mixture in two different phases such as gas-liquid, liquid-solid and gassolid. The most common type is the liquid-gas two-phase flow which is found many applications and industries such as oilgas transportation systems, heat exchangers and sewage treatment plants. Two-phase flows are characterized by their flow patterns (also known as flow regimes) which describe the phase arrangement or distribution along the flow. The main flow patterns in vertical pipes are plug, slug, bubbly, churn and annular flows, while the main flow patterns in horizontal pipes are bubbly, plug, stratified, wavy, slug, and annular flows [1, 2] .
Another important parameter used to characterize two-phase flows is the cross-sectional void fraction (α) which represents the fraction of the flow channel's cross-sectional area that is occupied by the gas phase. The cross-sectional void fraction is defined in Eq. (1) where A G and A L are the cross-sectional areas occupied by gas and liquid, respectively [3] .
Void fraction measurements are essential when modelling two-phase flow systems. Therefore, several methods have been developed to measure void fraction such as quick closing valves [4] , gamma-ray absorption [5, 6] , capacitance sensors and conductance sensors [7, 8] . However, capacitance sensors are the most attractive option for most applications since they are non-intrusive and easy to manufacture.
Capacitance sensors are composed of one or more pairs of electrodes placed opposite to one another on the outer surface of the dielectric pipe walls. The electrodes are connected to an interface circuit which measure the capacitance of the flow channel between the electrodes at a high sampling rate. As the void fraction in the channel changes, the capacitance also changes. The principle behind this is that the dielectric constant of the liquid phase is different from the dielectric constant of the gas phase. The relation between dielectric constant and capacitance C is given in Eq. (2) , where ε r is the total dielectric constant of the working fluids and the pipe walls enclosed by the electrodes, ε 0 is the dielectric constant of free space which is 8.854*10 -12 , A is the surface area of the electrodes and d is the average distance between the electrodes.
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Capacitance electrode configurations previously investigated by other researchers are the ring, concave and helical type. Helical electrodes were found to have low sensitivity, non-linear response and poor shielding [11] . On the other hand, ring and concave type electrodes have linear relationship between void fraction and capacitance value [10] . It was also found that concave electrodes have higher sensitivity than both the ring and helical [11] [12] . There are several capacitance measuring techniques which can be used to measure the capacitance sensor. The common ones are the charge-balancing, AC bridge and the LC approach. An extensive review of each approach was done by [13] .
In this paper, a capacitance sensor system was developed for two-phase flow void fraction measurements and flow pattern identification. The circuit is based on the LC approach which has the advantage of being noise immune due to the narrow band characteristics of the parallel LC circuit. As was suggested by other researchers, a high electrode excitation frequency was used to avoid some of the errors encountered when working with conductive fluids.
Experimental Methodology
The two-phase flow loop used for testing the developed system is shown in fig. (1) . The system is composed of three main parts: the capacitance sensor, the interface circuit and the LabView program. A block diagram of the system is shown in fig. (2) . The sensor consists of two pairs of copper electrodes placed on the outer surface of a vertically mounted polycarbonate pipe with 1.5 inch outer diameter and 1.25 inch inner diameter. To shield the sensor, the electrodes were enclosed in copper shielding which acts as a Faraday's cage to minimizing the external EMI interference. Two semicylindrical acrylic blocks with 0.75" wall thickness were manufactured to separate the copper cage from the electrodes. The sensor electrodes were connected to the interface circuit (FloNergia Inc.©) using a shielded coaxial cable. Both the copper cage and the coaxial cable shielding where connected to the ground of the circuit. Two-phase flow was created using air injected at the bottom of the pipe filled with water. To create different flow patterns in the pipe, air flow is introduced from solenoids valves that control the air bubbles injected in the airlift pump. 
Interface Circuit Design
The interface circuit shown in fig. (3) consists of three main parts: a parallel LC circuit, a Frequency-to-DigitalConverter (FDC2214) and an Arduino Due micro-controller. The LC circuit is connected to the input channel of the capacitance-to-digital converter (FDC). The FDC measures the oscillation frequency of the LC circuit and converts it into a digital value that is proportional to the measured frequency. The FDC has a high resolution of 28 bits and has a maximum sampling frequency of 2500 sps for a single active channel.
FDC2214
Arduino Due L C The capacitor and inductor values used in the LC circuit are 18 μH and 33pF respectively. Parasitic capacitance added by the wires, pins, coaxial cables and the sensor electrodes was found to be 60 pF, which bring the total capacitance to 93 pF. Since the LC circuit is connected parallel to the capacitance sensor, the excitation frequency of the sensor is equal to the oscillating frequency in the LC circuit which is equal to: 
The FDC output is sent the Arduino where the signal is conditioned using an Infinite Impulse Response (IIR) filter and then converted from frequency back in to its equivalent capacitance value using eq. (3) and (4). Finally, the capacitance values are sent to LabView where the signal is displayed and the void fraction is calculated.
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Results
The developed system was test on a single bubble as well as three different flow patterns: bubbly flow, plug flow and churn flow. Sensor static calibration was performed using the variable water levels in horizontal pipes before running the experiments. The variance between 0% and 100% void fraction was found to be 9. 4 shows the high-speed camera images of the bubbly flow, plug flow and churn flow which were used for the experiments. For each flow pattern, the real-time void fraction signals, probability density function and the time-averaged void fraction were recorded at a sampling frequency of 1250 sps for a duration of 10 sec. Therefore, the total number of samples collected for the each of the three flow patterns is 12500. As can be seen from the results, each flow pattern shows a distinct dynamic signal hence the flow pattern can be easily identified. A summary of the time-averaged void fraction for the three flow patterns over 10sec is shown Table (1) . It was found that churn flow had the highest time-averaged void fraction of 31% while the bubbly flow had the lowest at only 1%. 
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Conclusion
A high resolution capacitance sensor system was developed for two-phase flow void fraction measurements. Capacitance of the flow channel is measured using the LC approach therefore it is highly immune to noise interference due to the narrow band characteristics of the LC circuit. The electrode excitation frequency is high enough to overcome the errors involved when conductive fluids are used. Instantaneous change in the excitation frequency measured by the circuit represents the change in sensor capacitance resulting from the change in two-phase flow void fraction in the channel. The time-averaged void fraction calculated by LabView represents the average void fraction over a specific period of time or for a certain number samples. It was found that churn flow had the highest time-averaged void fraction while bubbly flow had the lowest. Each of the three flow patterns which were tested had a unique dynamic signal characteristics which can be used in flow pattern identification.
